Abstract. Tissue inhibitors of metalloproteinases (TIMPs) control the activity of metalloproteinases. Elastin-derived peptides (EDPs) are generated as a result of the degradation of elastin fibers. The EDPs bind to the elastin receptor and exert numerous biological effects. The aim of the present study was to compare the production of TIMP-1, TIMP-2 and TIMP-3 and their ratios in human endothelial cells (ECs) derived from three clinically important vascular localizations (coronary arteries, aorta and iliac artery), and evaluate the influence of a well-known EDP, κ-elastin. The highest concentration of TIMP-1 was identified in the aortic ECs, while the lowest concentration was observed in the ECs derived from the coronary artery. The opposite pattern was observed for TIMP-2 production. When the TIMP-3 concentration was analyzed in the three EC lines, no statistically significant differences were observed. Application of κ-elastin was found to decrease the TIMP-1 concentration in the aortic ECs, while an increase in the TIMP-1 concentration was observed in the ECs derived from the iliac artery. The most significant decrease in TIMP-2 concentration following κ-elastin administration was observed in the ECs obtained from the coronary arteries. Furthermore, the highest concentration of κ-elastin resulted in an increase in TIMP-3 production in the ECs derived from the coronary arteries. The following ratios of the TIMP concentrations were calculated: TIMP-1/TIMP-2, TIMP-1/TIMP-3 and TIMP-2/TIMP-3. Each ratio presented different values for the ECs obtained from the various localizations. In the majority of cases, the addition of κ-elastin did not significantly change these proportions. Therefore, these indicators may be characteristic features that can be used to describe ECs in various clinically important vascular localizations.
Introduction
Matrix metalloproteinases (MMPs) belong to a family of zinc-dependent endopeptidases that degrade proteins of the extracellular matrix (ECM). MMPs regulate important biological functions, including ECM integrity. The enzymes are expressed in normal and diseased states and participate in vascular and cardiac remodeling, wound healing, tissue resorption and tumor metastasis (1, 2) . The activity of MMPs is tightly controlled by several inhibitors, including the nonspecific α 2 -macroglobulin and the locally produced specific tissue inhibitors of metalloproteinases (TIMPs). Four human TIMPs have been identified to date, which include TIMP-1, TIMP-2, TIMP-3 and TIMP-4. These proteins constitute a group of small molecules with a mass of 21-28 kDa, which reversibly inhibit the activity of MMPs, binding to them in a 1:1 stoichiometric ratio (3) . TIMPs function in a tissue environment to neutralize metalloproteinases that have already functioned, thereby preventing excessive and uncontrolled degradation away from the site of MMP production. The role of TIMPs is essential for the homeostasis of the ECM. Although TIMPs share notable homology and structural identity at the protein level, the different forms may vary in their functions. TIMP-1 inhibits angiogenesis by restraining the MMP-9-mediated release of vascular endothelial growth factor (VEGF) from the matrix (4). TIMP-2 has also been shown to present antiangiogenic properties by functioning through MMP inhibition or through direct endothelial cell (EC) binding. In addition, TIMP-2 regulates MMP-14-induced MMP-2 activation by forming a tertiary complex with pro-MMP-2 and its activator, MMP-14, on the cell surface. TIMP-2 can either initiate or restrain the cleavage and subsequent activation of MMP-2 (5). Furthermore, TIMP-2 can bind to cells via interaction with integrin α3β1 on the surface of human microvascular ECs. This interaction mediates the suppression of VEGF or fibroblast growth factor-mediated cell proliferation (6) . TIMP-3 has been shown to promote apoptosis (7) .
The endothelium is composed of a single layer of cells that constitute the inner surface of the blood vessels. The endothelium functions not only as a barrier between the blood and smooth muscle cells of the blood vessels, but synthesizes and releases various substances with potent multidirectional biological functions. Therefore, the endothelium plays a crucial role in the regulation of vasomotorics and hemostasis. ECs can be a source of the substances involved in angiogenesis and the inflammatory process.
Atherosclerosis is a systemic multiform condition that leads to various diseases depending on the vascular site where the condition is most pronounced. For example, coronary heart disease (CHD), stroke or intermittent claudication may be caused by ischemia in the lower limbs. Furthermore, the aortic wall may be a site of a different dangerous pathology, namely an aortic aneurysm. The American National Cholesterol Education Program, Adult Treatment Panel III, indicates that an abdominal aortic aneurysm should be considered as an equivalent of CHD, which is one of the manifestations of atherosclerosis (8) . Endothelium dysfunction, independent of the underlying causes, is the first step leading to the development of atherosclerosis, CHD and other cardiovascular diseases (CVDs) (9) .
Elastin-derived peptides (EDPs) are generated as a result of the degradation of elastin fibers. Elastin is a long-lived macromolecule with a very slow turn-over. However, the metabolism of elastin is accelerated in various disease states, such as atherosclerosis, lung emphysema, neoplasm and arthritis (10) . Cell responses to EDPs are attributed to the binding of a VGVAPG hexapeptide sequence, which can be detected in insoluble elastin or EDPs. This sequence binds to the elastin receptor and exerts numerous biological effects (11) . An experimental study undertaken in our Department has revealed that rabbits receiving EDP injections develop atherosclerosis (12) . In addition, disturbances in elastin metabolism, leading to increased serum levels of EDPs, are considered as one of the risk factors of atherosclerosis. Since κ-elastin is an acknowledged EDP, numerous experiments have evaluated the effect of κ-elastin on the aorta and EC lines (13) (14) (15) . In a previous study, the influence of κ-elastin on the production of MMP-1 and MMP-2 in cultured human EC lines derived from coronary arteries, the iliac artery and aorta was evaluated (16) . These localizations in the vascular system are clinically important and present various conditions of blood flow.
The aim of the present study was to compare the production of three TIMPs, TIMP-1, TIMP-2 and TIMP-3, and their concentration ratios in cultured human endothelium derived from three clinically important vascular localizations, namely the coronary arteries, aorta and iliac artery. In addition, the present study evaluated the effect of κ-elastin on the production of the three TIMPs and their proportions in the three studied endothelial cell lines.
Materials and methods
Cell culture. EC lines isolated from the human coronary artery, iliac artery and aorta were purchased from Lonza (Basel, Switzerland). The three EC lines were cultured according to the manufacturer's recommendations. Briefly, the cells were maintained in EBM-2 medium with 5% fetal bovine serum and endothelial cell-specific supplements (insulin-like growth factor, VEGF and heparin; all purchased from Lonza) in a 95% CO 2 atmosphere at 37˚C. ECs were used in the experiments after 3-4 passages. Following trypsinization, the cells were grown to confluence in 24-well plates. Subsequently, after serum starvation, the cells were incubated with κ-elastin (Elastin Products Company, Owensville, MO, USA) at concentrations of 0.1, 0.4, 1.0, 2.5 or 5.0 µg/ml for 24 h. The cell culture medium was removed, centrifuged for 15 min at 1,500 x g and stored at -70˚C for subsequent analyses.
ELISA. TIMP-1, TIMP-2 and TIMP-3 concentrations were determined using commercially available kits (R&D Systems, Inc., Minneapolis, MN, USA) with antibodies against human TIMPs (R&D Systems, Inc.). The experiment was performed four times with two repeats at each time, producing eight sets of samples for the determination of the evaluated parameters. Each measurement was performed in duplicate and a mean value of the two determinations was calculated.
Statistical analysis.
Results are expressed as the mean ± standard deviation. Prior to the parametric analyses, normal distribution was verified with the Shapiro-Wilk test. In addition, the homogeneity of variance was analyzed using Bartlett's test. The statistical significance of the differences between groups was calculated using a parametric one-way analysis of variance test for data with a normal distribution, assuming homogeneity and heterogeneity of variances, followed by the Tukey-Kramer test. The Kruskal-Wallis rank test was applied in the case of non-normality of distribution, which was followed by the Steel-Dwass test. Dunnett's test or Steel's test was used to compare each group with the control. P≤0.05 was considered to indicate a statistically significant difference. The statistical software Statistica 10.0 (Statsoft, Tulsa, Oklahoma, USA) was used in this analysis.
Results

Concentration of TIMPs in the various EC lines.
The highest concentration of TIMP-1 was observed in the aortic endothelium, while the lowest concentration was detected in the endothelium derived from the coronary artery (P<0.01). In the endothelium derived from the iliac artery, a statistically significantly decrease was observed in the TIMP-1 concentration when compared with the aortic ECs (P<0.01), while a statistically significant increase was observed when compared with the coronary artery ECs (P<0.01; Fig. 1A ). The opposite pattern of dependence was observed in the case of TIMP-2. TIMP-2 reached the highest concentration in the cell culture medium from the coronary artery endothelium, while the lowest concentration was observed in the aortic ECs (P<0.001). In addition, in the ECs derived from the iliac artery, a statistically significant decrease was observed in the concentration of TIMP-2 when compared with the ECs derived from the coronary artery (P<0.01), while a statistically significant increase was observed when compared with the aortic ECs (P<0.001; Fig. 1B) . However, when the TIMP-3 concentration was analyzed in the three EC lines, no statistically significant differences were identified (Fig. 1C) .
Effect of κ-elastin on TIMP-1 production. Following the addition of κ-elastin at concentrations between 0.4 and 5.0 µg/ml to the cell culture of aortic ECs, a statistically significant decrease in the TIMP-1 concentration was observed (P<0.001; Fig. 2A ). However, in the cell culture of the coronary artery-derived ECs, a higher concentration of κ-elastin (1.0 and 2.5 µg/ml) was required to cause a statistically significant reduction in the TIMP-1 concentration (Fig. 2C) . The opposite effect of κ-elastin on TIMP-1 production was observed in the ECs derived from the iliac artery, where an increase in the TIMP-1 concentration was detected at lower κ-elastin concentrations. The increase was most pronounced at a κ-elastin concentration of 0.4 µg/ml, which resulted in ~23% increase in the TIMP-1 concentration in the cell culture medium (Fig. 2B) .
Effect of κ-elastin on TIMP-2 production. Evaluation of the effect of κ-elastin on TIMP-2 concentration revealed that a decrease in concentration was most pronounced in the ECs obtained from the coronary arteries (Fig. 3C) . With regard to the aortic ECs, only a concentration of 1.0 µg/ml caused a statistically significant reduction in TIMP-2 production (Fig. 3A) . In addition, κ-elastin did not cause any statistically significant changes in the TIMP-2 concentration in the ECs derived from the iliac artery (Fig. 3B) .
Effect of κ-elastin on TIMP-3 production. When the effect of κ-elastin on the concentration of TIMP-3 was analyzed, no statistically significant differences were detected in the cell lines derived from the aorta or iliac artery (Fig. 4A and B) . However, the highest studied concentration of κ-elastin caused a statistically significant increase in TIMP-3 production in the ECs derived from the coronary arteries (Fig. 4C) . 
Effect of κ-elastin on the concentration of TIMPs in the various EC lines. Comparisons of the effect of different concentrations
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of κ-elastin revealed no statistically significant differences in the TIMP-1 concentration in the ECs derived from the coronary arteries, in the TIMP-2 concentration in the ECs derived from the iliac artery and in the TIMP-3 concentration in the aortic ECs and ECs derived from the iliac artery (Figs. 2C,  3B, 4A and B) .
The most pronounced effect of κ-elastin on the production of TIMP-1 was observed in the ECs derived from the aorta and iliac artery. However, with regard to TIMP-2, the most pronounced effect was observed in the ECs derived from the coronary artery.
TIMP concentration ratios. The following ratios of TIMP concentrations were calculated: TIMP-1/TIMP-2, TIMP-1/TIMP-3 and TIMP-2/TIMP-3 (Table I ). Each ratio presented a different value in the ECs obtained from the various localizations. For example, the TIMP-1/TIMP-2 ratio was equal to seven in the unstimulated aortic ECs, while the ratio was determined to be ~3.6 in the iliac artery ECs and ~1.9 in the coronary artery ECs. In the majority of cases, the addition of κ-elastin did not significantly change these proportions. The preservation of the magnitude of these TIMP ratios was observed for all three TIMP ratios and for all three studied EC lines. In addition, the stimulatory and inhibitory effects of κ-elastin were not found to significantly alter or reverse these proportions.
Discussion
EDPs have been demonstrated to be risk factors for atherosclerosis. Robinet et al (17) observed that EDPs containing the VGVAPG motif accelerated angiogenesis by inducing the angiogenic phenotype of ECs.
TIMP-1 has attracted increasing attention as a possible novel marker of endothelium dysfunction. A number of studies have focused on evaluating the level of TIMP-1 in blood samples obtained from patients with various risk factors of atherosclerosis and CVD. Mieczkowska et al (18) observed that females with metabolic syndrome had statistically higher blood levels of TIMP-1. In addition, TIMP-1 was found to positively correlate with a variety of risk factors, such as body mass index, waist to hip ratio, waist circumference, fasting glucose level and triglyceride concentration, while negatively correlating with the high-density lipoprotein cholesterol level. Furthermore, de la Sierra and Larrousse (19) found that TIMP-1 may be a marker of endothelial dysfunction in high-risk hypertensive patients. TIMP-1 was shown to have a significant inverse correlation with maximal endothelium-dependent vasodilatation. Ragino et al (20) compared the blood levels of TIMP-1 in patients with unstable and stable atherosclerotic plaques in the coronary arteries. Circulating TIMP-1 levels were revealed to be lower in the individuals with unstable plaques. The aforementioned studies do not present convergent results, which may be due to the methodology of these studies. Serum levels of TIMP-1 are a sum of the production by ECs in the whole vascular system. The results of the present study indicated that the same stimulator, κ-elastin, may have a divergent influence on the endothelium depending on the localization in the circulatory system. For example, a stimulatory effect on TIMP-1 production was observed in the ECs derived from the iliac artery, while an inhibitory effect was observed in the EC lines obtained from the aorta and coronary arteries. In the case of TIMP-2 production, in the ECs obtained from the aorta and iliac artery, the effect of κ-elastin appeared to be neutral.
In an experimental model, the induction of a murine femoral artery injury caused an initial decrease in TIMP-1 and TIMP-2 expression and activity levels during the first five days, with subsequent restoration of the expression and activity levels (21) . However, in a similar preceding experiment, no changes in TIMP-1 and TIMP-2 expression and activity levels were observed (22) . Moore et al (23) observed that in rats subjected to oxidative stress, plasma levels of TIMP-1 may serve as an early marker of endothelium dysfunction.
Using an experimental model, Misra et al observed that murine fibroblasts cultured in hypoxemic conditions exhibited increased expression levels of TIMP-1 and TIMP-2; however, these changes were not simultaneous. An augmentation in TIMP-1 expression preceded the increased expression of TIMP-2 (24). Furthermore, Mammi et al observed that in patients with heart failure, serum levels of TIMP-1 can be decreased by physical exercise (25) . Notably, Ramirez Correa et al (26) used local TIMP-1 gene transfer and achieved a significant reduction of restenosis in human coronary smooth muscle cells.
EDPs have been shown to promote angiogenesis (17), a process that is involved in a variety of pathological and physiological conditions. Angiogenesis plays a pivotal role in postischemic neovascularization of the myocardium. The results of the present study indicated that EDPs may increase the production of TIMPs. The results of these two studies (24, 25) and the present study can make one raise a question about an influence of EDPs on coronary arteries, whether EDPs may be deleterious or beneficial in certain circumstances. TIMP-2 also exhibits angioinhibitory properties, which comprise several mechanisms, including MMP inhibition or direct EC binding (27) . In addition, the results of the present study indicated that TIMP-1 and TIMP-2 presented various production profiles in unstimulated ECs, and their production differed depending on the vasculature localization. However, the effect of κ-elastin preserved the production proportion in each cell line from the various localizations in the vascular bed. Therefore, the TIMP concentrations proportion may be a characteristic feature of ECs in various arteries. The calculated TIMP ratios support the observation that the endothelium does not constitute a uniform pool of cells with the same biological characteristics. The biochemical properties can vary depending on their localization in the cardiovascular system and the different characteristics of blood flow in these places. Therefore, the observations of the present study have an important implication. While studying EC biology, biochemistry and their response to various stimuli, the localization of the obtained ECs should be taken into consideration.
TIMP-3 is considered to be a major regulator of angiogenesis. The protein can block the binding of VEGF to its receptor, VEGFR-2, and this function is independent of the MMP inhibitory effect (28) . In addition, TIMP-3 can induce vascular cell apoptosis. Vacek et al (29) used a mouse experimental model and found that a mechanical injury of the carotid artery led to an increase in the TIMP-3 level in the injured artery. Similar results were obtained by Basu et al (30) . In mice with chronic hyperhomocysteinemia, an increase in TIMP-3 gene expression was observed in the aorta. Furthermore, in an additional study, when a cigarette smoke extract was used as an evaluated risk factor, a decreased secretion of TIMP-3 was detected in the rabbit endothelium (31) . TIMP-3 has been analyzed as a factor for gene therapy, and overexpression of TIMP-3 has been shown to result in a sustained retardation of vein graft intimal thickening (32) . In the present study, TIMP-3 production appeared to be the most resistant to the influence of κ-elastin as a modulator.
In conclusion, the present study demonstrated that ECs from various parts of the vascular system present a different production with regard to the three analyzed TIMPs. These cells also differ in their response to κ-elastin, applied as a modulator. Therefore, the observations of the current study indicate that the endothelium can adapt to various conditions of blood flow in different sections of the vascular system and modulate the production of important molecules involved in ECM homeostasis.
A number of studies have calculated and analyzed various TIMP/MMP ratios (21, 25) . However, the present study was the first to calculate the ratios for three TIMP indicators: TIMP-1/TIMP-2, TIMP-1/TIMP-3 and TIMP-2/TIMP-3. The results demonstrated that ECs in various localizations had their own specific values of these ratios that are preserved when a risk factor, such as κ-elastin, influences the endothelium. Therefore, these ratio indicators may be characteristic features used to describe ECs in various clinically important vascular localizations. Subsequently, the biological differences of ECs derived from various localizations in the cardiovascular system should be taken into consideration in further studies evaluating the function of ECs and their response to various stimuli.
